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Outline

• Hyperon CP violation

• Low-energy antiprotons

• A new experiment

• Issues in charmonium

• Charm mixing

• Antihydrogen measurements

• Summary
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• New Physics (SUSY, etc.) could also contribute!
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‣ Decay amplitude for ∆S = 1 decay of spin-1/2 strange baryon 
into spin-1/2 baryon and meson (e.g., Λ → p π –):
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σ ⋅ q̂p
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• p ∠ distribution in Λ rest frame:
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• CP conserved ⇔ slope = – sl̅o̅p̅e ̅

6

• p ∠ distribution in Λ rest frame:

Hyperon CP Violation?
⇒                                                                         CP-oddAΛ ≡

αΛ +αΛ

αΛ −αΛ

, BΛ ≡
βΛ + βΛ

βΛ − βΛ

, ΔΛ ≡
ΓΛ→Pπ − ΓΛ→Pπ

ΓΛ→Pπ + ΓΛ→Pπ

dN
d cosθ

= 1+αΛPΛ cosθ



D. M. Kaplan, IIT FNAL Seminar  New Experiments with Antiprotons 7

Hyperon CP Violation?



D. M. Kaplan, IIT FNAL Seminar  New Experiments with Antiprotons 7

• For precise measurement of A, need excellent 
knowledge of relative Λ and Λ ̅polarizations!
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• For precise measurement of A, need excellent 
knowledge of relative Λ and Λ ̅polarizations!

➡HyperCP “trick”: Ξ– → Λπ– decay gives PΛ = – PΛ̅

• Unequal slopes ⇒ CP violated!

Hyperon CP Violation?
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Hyperon CP Violation?
Theory & Experiment

Theory [Donoghue, He, Pakvasa, Valencia, et al.]

• SM: AΛ ~ 10–5

• Other models: O(10–3)
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

   0.006 – 0.015  

    E871 at Fermilab Ξ Λ Λ→ →π π, p ≈≈≈≈2 ××××    10–4

(HyperCP)

[K.B. Luk et al., PRL 85, 4860 (2000)] 

[P. Chauvat et al., PL 163B (1985) 273] 
273

[M.H. Tixier et al., PL B212 (1988) 523] 
273

[P.D. Barnes et al., NP B 56A (1997) 46] 

• Theory & experiment:

8

(1986);  PLB 272, 411 (1991)]
[J. Tandean, G. Valencia, Phys. Rev. D 67, 
056001 (2003)]

|AΞΛ| < 5 × 10–5
AΛ ~ 10–5    

., e.g., PRL 55, 162 (1985); PRD 34, 833 
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Theory

• SM: A
!
 ~ 10–5

• Other models: can be O(10–3)
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

(A
!
 sensitive to parity-even operators, "#!" to parity-odd)

  0.006 0.015 

"""" E871 at Fermilab $ ! !% %& &, p ''''2 ####""""10
–4

(HyperCP)
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[K.B. Luk et al., PRL 85, 4860 (2000)] 

[projected] 

[T. Holmstrom et al., 
PRL 93. 262001 (2004)] 

''''2    10####
–4

[P. Chauvat et al., PL 163B (1985) 273] 

[M.H. Tixier et al., PL B212 (1988) 523]

[P.D. Barnes et al., NP B 56A (1997) 46] 

E871 at Fermilab

(6 ± 2 ± 2) × 10–4   [BEACH08 preliminary]

[J. Tandean, G. Valencia, Phys. Rev. D 67, 
056001 (2003)]

|AΞΛ| < 5 × 10–5
AΛ ~ 10–5    
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...and Fast HyperCP DAQ System

Comments on HyperCP Spectrometer
• Simple, fast, rad-hard, inexpensive (≈$2M)

• Recycled magnets & muon detectors

• ≈20k wires of narrow-gap, small-pitch MWPCs

• Simple trigger to minimize any CP bias

→ Very-high-speed DAQ was key to success

...a large but simple system!

≈20,000 channels of MWPC latches
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Comments on HyperCP Spectrometer
• Simple, fast, rad-hard, inexpensive (≈$2M)

• Recycled magnets & muon detectors

• ≈20k wires of narrow-gap, small-pitch MWPCs

• Simple trigger to minimize any CP bias

→ Very-high-speed DAQ was key to success

E791 ‘Wall of Tape Drives’ (HyperCP’s was similar).
People on shift rewound & reloaded ≈32 tape drives

for about 10 minutes every ≈3 hours.

...written to 32 tapes in parallel
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HyperCP Collaboration

A. Chan, Y.-C. Chen, C. Ho, P.-K. Teng
Academia Sinica, Taiwan

K. Clark, M. Jenkins
University of South Alabama, USA

W.-S. Choong, Y. Fu, G. Gidal, T. D. Jones, K.-B. Luk*, P. Gu, P. Zyla
University of California, Berkeley, USA

C. James, J. Volk
Fermilab, USA

J. Felix, G. Moreno, M. Sosa
 University of Guanajuato, Mexico

R. Burnstein, A. Chakravorty, D. Kaplan, L. Lederman, D. Rajaram, H. Rubin, N. Solomey, C. White
Illinois Institute of Technology, USA

N. Leros, J.-P. Perroud
University of Lausanne, Switzerland

H. R. Gustafson, M. Longo, F. Lopez, H. Park
University of Michigan, USA

E. C. Dukes*, C. Durandet, T. Holmstrom, M. Huang, L. C. Lu, K. S. Nelson
University of Virginia, USA *co-spokespersons
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Some HyperCP Discoveries:

� 

Σ+ → pµ +µ−

• φΞ = (–2.39±0.64±0.64)° ⇒ βΞ ≠ 0   2nd non-zero transverse asymm.

• αΩ =   0.0175 ± 0.0024 ≠ 0               ⇒ Ω− → ΛK−  violates parity

• ½[α(ΛK−)+α(Λ̅K̅+)] = −0.004 ± 0.040     (but conserves CP)

• AΞΛ = (0.0 ± 5.1 ± 4.4) × 10−4              ⇒ Ξ− → Λπ− conserves CP
(1st ≈5% of sample - full analysis still in progress)

•                         : smallest baryon BR ever seen!
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Some HyperCP Discoveries:

•                       :  B ≈ 9 × 10−8  (or 3 × 10−8 if intermediate P0)

� 

Σ+ → pµ +µ−

Figure 4(a) compares the dimuon mass distribution of
the three signal candidates with that expected in the SM
with the form factors described below. The reconstructed
dimuon masses for the three candidates, 214.7, 214.3, and
213:7 MeV=c2, all lie within the expected dimuon mass
resolution of ! 0:5 MeV=c2. The dimuon mass distribu-
tion for !"

p!! decays is expected to be broad unless the
form factor has a pole in the kinematically allowed range
of dimuon mass.

The expected SM distribution was used to estimate the
probability that the dimuon masses of the three signal
candidates be within 1 MeV=c2 of each other anywhere
within the kinematically allowed range. The probability is
0.8% for the form-factor decay model and 0.7% for the
uniform phase-space decay model. The unexpectedly nar-
row dimuon mass distribution suggests a two-body decay,
!" ! pP0; P0 ! !"!# (!"

pP!!), where P0 is an un-
known particle with mass 214:3$ 0:5 MeV=c2. The di-
muon mass distribution for the three signal candidates is
compared with MC !"

pP!! decays in Fig. 4(b), and good
agreement is found. Distributions of hit positions and
momenta of the proton, !", and !# of the three candidate
events were compared with MC distributions, and were
found to be consistent with both decay hypotheses.

To extract the !"
p!! branching ratio, the !" !

p"0;"0 ! e"e## (!"
pee#) decay was used as the normal-

ization mode, where the # was not detected. (HyperCP had
no # detectors.) The trigger for the !"

pee# events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.

The proton was selected to be the positively-charged
track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
66% of the total three-track momentum, as determined
by a MC simulation of !"

pee# decays. The reconstructed
mass for the 3" hypothesis was required to be outside
$10 MeV=c2 of the K" mass. The cuts on $2=ndf,
DCA, and the total momentum were the same as for the

signal mode. However, the decay vertex had to be more
than 168 cm downstream of the entrance of the vacuum
decay region and more than 32 cm upstream of its exit.
Since the # momentum was not measured, the x and y
positions of the !" trajectory at the target were determined
using only the three charged tracks, and those positions had
to be consistent with that expected from a MC simulation
of !"

pee# decays. To significantly reduce contamination
from photon-conversion events, the dielectron mass was
required to be between 50 and 100 MeV=c2. After appli-
cation of the above selection criteria, a total of 211 events
remained, as shown in Fig. 5. We performed a binned
maximum-likelihood fit for the mass distributions for
data and three MC samples: !"

pee# decays, K" ! """0,
"0 ! e"e## (K"

"ee#) decays, and uniform background.
From the fit, the number of observed !"

pee# decays was
Nobs

nor % 189:7$ 27:4 events, where the uncertainty is sta-
tistical. To extract the total number of normalization
events, values of &51:57$ 0:30'% and &1:198$ 0:032'%
were used, respectively, for the !" ! p"0 and "0 !
e"e## branching ratios [6].

The kinematic parameters for !" production at the
target were tuned to match the data and MC !"

pee# mo-
mentum distributions. The MC !"

pee# decays were gener-
ated using the decay model in Ref. [7] for "0 ! e"e##
("0

ee#) decays, and the "0 electromagnetic form-factor
parameter a % 0:032$ 0:004 was taken from Ref. [6].
After tuning of the parameters, comparisons of the distri-
butions of the MC events with the data for !"

pee# decays,
the decay vertex positions, momentum spectra, recon-
structed mass, hit positions of each charged particle, etc.
showed good agreement.

In the simulation of the !"
p!! decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform
phase-space decay model. The form-factor model uses

FIG. 4. Real (points) and MC (histogram) dimuon mass dis-
tributions for (a) !"

p!! MC events (arbitrary normalization) with
a form-factor decay (solid histogram) and uniform phase-space
decay (dashed histogram) model, and (b) !"

pP!! MC events
normalized to match the data.

FIG. 5. The reconstructed pe"e# mass distribution for the
normalization mode after all cuts. The histogram is the sum of
MC samples of !"

pee#, K"
"ee# decays and a uniform background,

where the relative amounts of each were determined by a fit, and
the number of MC events was normalized to match the number
of data events. The hatched area shows the main background
source (uniform background).
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• φΞ = (–2.39±0.64±0.64)° ⇒ βΞ ≠ 0   2nd non-zero transverse asymm.

• αΩ =   0.0175 ± 0.0024 ≠ 0               ⇒ Ω− → ΛK−  violates parity

• ½[α(ΛK−)+α(Λ̅K̅+)] = −0.004 ± 0.040     (but conserves CP)

• AΞΛ = (0.0 ± 5.1 ± 4.4) × 10−4              ⇒ Ξ− → Λπ− conserves CP
(1st ≈5% of sample - full analysis still in progress)
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Some HyperCP Discoveries:

•                       :  B ≈ 9 × 10−8  (or 3 × 10−8 if intermediate P0)

� 

Σ+ → pµ +µ−
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the three signal candidates with that expected in the SM
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213:7 MeV=c2, all lie within the expected dimuon mass
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agreement is found. Distributions of hit positions and
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events were compared with MC distributions, and were
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To extract the !"
p!! branching ratio, the !" !

p"0;"0 ! e"e## (!"
pee#) decay was used as the normal-

ization mode, where the # was not detected. (HyperCP had
no # detectors.) The trigger for the !"

pee# events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.
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track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
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Does the HyperCP Evidence for the Decay !! ! p!!!" Indicate
a Light Pseudoscalar Higgs Boson?

Xiao-Gang He*
Department of Physics and Center for Theoretical Sciences, National Taiwan University, Taipei, Taiwan

Jusak Tandean†

Departments of Mathematics, Physics, and Computer Science, University of La Verne, La Verne, California 91750, USA

G. Valencia‡

Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
(Received 2 November 2006; published 22 February 2007)

The HyperCP Collaboration has observed three events for the decay !! ! p!!!" which may be
interpreted as a new particle of mass 214.3 MeV. However, existing data from kaon and B-meson decays
provide stringent constraints on the construction of models that support this interpretation. In this Letter
we show that the ‘‘HyperCP particle’’ can be identified with the light pseudoscalar Higgs boson in the
next-to-minimal supersymmetric standard model, the A0

1. In this model there are regions of parameter
space where the A0

1 can satisfy all the existing constraints from kaon and B-meson decays and mediate
!! ! p!!!" at a level consistent with the HyperCP observation.

DOI: 10.1103/PhysRevLett.98.081802 PACS numbers: 14.80.Cp, 12.60.Jv, 13.30.Ce, 14.20.Jn

Three events for the decay mode !! ! p!!!" with a
dimuon invariant mass of 214.3 MeV have been recently
observed by the HyperCP Collaboration [1]. It is possible
to account for these events within the standard model (SM)
[2], but the probability of having all three events at the
same dimuon mass, given the SM predictions, is less than
1%. This suggests a new-particle interpretation for these
events, for which the branching ratio is #3:1!2:4

"1:9 $ 1:5% &
10"8 [1].

The existence of a new particle with such a low mass
would be remarkable as it would signal the existence of
physics beyond the SM unambiguously. It would also be
very surprising because this low-energy region has been
thoroughly explored by earlier experiments studying kaon
and B-meson decays. The challenge posed by a new-
particle interpretation of the HyperCP events is therefore
manifold. It requires a new-physics model containing a
suitable candidate for the new particle, X, which explains
why it is light. It also requires an explanation of why X has
not been observed by other experiments that covered the
same kinematic range. Finally, it requires that the interac-
tions of X produce the rate implied by the HyperCP
observation.

In this Letter we show that there is a model, the next-to-
minimal supersymmetric standard model (NMSSM) [3],
containing a light pseudoscalar Higgs particle that can
satisfy all existing constraints and is therefore a candidate
explanation for the HyperCP events. The model contains
more than one Higgs particle, and it is the lightest one, the
A0
1, that can be identified with X.
The possibility that X mediated the HyperCP events has

been explored to some extent in the literature [4–6], where
it has been shown that kaon decays place severe constraints
on the flavor-changing two-quark couplings of X. It has

also been shown [7] that a light sgoldstino is a viable
candidate for X. It is well known in the case of light
Higgs boson production in kaon decay that, in addition to
the two-quark flavor-changing couplings, there are com-
parable four-quark contributions [8]. They arise from the
combined effects of the usual SM four-quark j"Sj ' 1
operators and the flavor-conserving couplings of X. We
have recently computed the analogous four-quark contri-
butions to light Higgs production in hyperon decay [9] and
found that they can also be comparable to the two-quark
contributions previously discussed in the literature.

The interplay between the two- and four-quark contri-
butions makes it possible to find models with a light Higgs
boson responsible for the HyperCP events that has not
been observed in kaon or B-meson decay. However, it is
not easy to devise such models respecting all the experi-
mental constraints. In most models that can generate #dsX
couplings, the two-quark operators have the structure
#d#1$ "5%sX. Since the part without "5 contributes sig-
nificantly to K ! #!!!", their data imply that these
couplings are too small to account for the HyperCP events
[4–6]. In some models, there may be parameter space
where the four-quark contributions mentioned above and
the two-quark ones are comparable and cancel sufficiently
to lead to suppressed K ! #!!!" rates while yielding
!! ! p!!!" rates within the required bounds.
However, since in many models the flavor-changing two-
quark couplings #qq0X are related for different #q; q0% sets,
experimental data on B-meson decays, in particular, B !
Xs!!!", also provide stringent constraints. For these
reasons, the light (pseudo)scalars in many well-known
models, such as the SM and the two-Higgs-doublet model,
are ruled out as candidates to explain the HyperCP events
[9].

PRL 98, 081802 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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What Next?

• Tevatron fixed-target is no more

• CERN fixed-target not as good (energy, duty factor)

• Main Injector fixed-target not as good (same reasons)

• AND HyperCP was already rate-limited

Is There a Future for Hyperon CP Violation?

• Regardless of HyperCP measurement outcome, desirable to push another
order of magnitude in sensitivity (⇒ x100 in sample size!)

• Fixed-target H.E. hyperon-beam approach up against severe detector rate
limitations:

– HyperCP: 13-MHz 2ndary-beam rate in several cm2 of MWPC

→ ≈1% MWPC efficiency drop due to electronics deadtime

⇒ x100 extrapolation hard to conceive

• May be more headroom in LEAR-PS185 approach:

– PS185 limit was p flux

– GSI upgrade could give some orders of magnitude in flux

– FNAL p source @ O (1011 p/hr) already ~104 beyond LEAR

– Further upgrades under discussion in context of Proton Driver (~MW p-beam) project

• L ~ 1033 pp experiment thinkable (w/ small, dedicated p storage ring and H2

gas-jet target)

– Inexpensive (at least on LHC scale...)

→ ~1011 ΛΛ events per y of running!

⇒ Can detector, trigger, DAQ, & systematics issues be handled???

16



D. M. Kaplan, IIT FNAL Seminar  New Experiments with Antiprotons

What Next?

• Tevatron fixed-target is no more

• CERN fixed-target not as good (energy, duty factor)

• Main Injector fixed-target not as good (same reasons)

• AND HyperCP was already rate-limited

Is There a Future for Hyperon CP Violation?

• Regardless of HyperCP measurement outcome, desirable to push another
order of magnitude in sensitivity (⇒ x100 in sample size!)

• Fixed-target H.E. hyperon-beam approach up against severe detector rate
limitations:

– HyperCP: 13-MHz 2ndary-beam rate in several cm2 of MWPC

→ ≈1% MWPC efficiency drop due to electronics deadtime

⇒ x100 extrapolation hard to conceive

• May be more headroom in LEAR-PS185 approach:

– PS185 limit was p flux

– GSI upgrade could give some orders of magnitude in flux

– FNAL p source @ O (1011 p/hr) already ~104 beyond LEAR

– Further upgrades under discussion in context of Proton Driver (~MW p-beam) project

• L ~ 1033 pp experiment thinkable (w/ small, dedicated p storage ring and H2

gas-jet target)

– Inexpensive (at least on LHC scale...)

→ ~1011 ΛΛ events per y of running!

⇒ Can detector, trigger, DAQ, & systematics issues be handled???

• Big collider experiments can’t trigger 
efficiently
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➡What else is there?
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Low-Energy Antiprotons!
• Until “HyperCP era,” world’s best limit on hyperon 

CP violation came from PS185 at LEAR:
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Theory & Experiment

Theory

• SM: A
!
 ~ 10–5

• Other models: can be O(10–3)
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

(A
!
 sensitive to parity-even operators, "#!" to parity-odd)
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[T. Holmstrom et al., 
PRL 93. 262001 (2004)] 

''''2    10####
–4

[P. Chauvat et al., PL 163B (1985) 273] 

[M.H. Tixier et al., PL B212 (1988) 523]

[P.D. Barnes et al., NP B 56A (1997) 46] 
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• PS185 was limited by LEAR p ̅ flux (<105/s)~

Low-Energy Antiprotons!
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• PS185 was limited by LEAR p ̅ flux (<105/s)~
(FNAL)

1 hour’s stacking at 1011/hour →
circulating p flux of 6 ×1016/s

Low-Energy Antiprotons!
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• Also good for charmonium:

‣ Thanks to superb precision of antiproton beam energy 
and momentum spread, E760/835 @ Fermilab 
Antiproton Accumulator made very precise 
measurements 
of charmonium 
parameters, e.g.:

Low-Energy Antiprotons!
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Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

χc0(1P) IG (JPC ) = 0+(0 + +)

χc0(1P) MASSχc0(1P) MASSχc0(1P) MASSχc0(1P) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

3414.76± 0.35 OUR AVERAGE3414.76± 0.35 OUR AVERAGE3414.76± 0.35 OUR AVERAGE3414.76± 0.35 OUR AVERAGE Error includes scale factor of 1.2.
3414.21± 0.39±0.27 ABLIKIM 05G BES2 ψ(2S) → γχc0

3414.7 + 0.7
− 0.6 ±0.2 1 ANDREOTTI 03 E835 pp → χc0 → π0π0

3415.5 ± 0.4 ±0.4 392 2 BAGNASCO 02 E835 pp → χc0 → J/ψγ

3417.4 + 1.8
− 1.9 ±0.2 1 AMBROGIANI 99B E835 pp → e+ e−γ

3414.1 ± 0.6 ±0.8 BAI 99B BES ψ(2S) → γX
3417.8 ± 0.4 ±4 1 GAISER 86 CBAL ψ(2S) → γX

3416 ± 3 ±4 3 TANENBAUM 78 MRK1 e+ e−
• • • We do not use the following data for averages, fits, limits, etc. • • •

3407 ±11 89 4 ABE 04G BELL 10.6 e+ e− → J/ψ(c c)

3416.5 ± 3.0 EISENSTEIN 01 CLE2 e+ e− → e+ e−χc0
3422 ±10 3 BARTEL 78B CNTR e+ e− → J/ψ2γ

3415 ± 9 3 BIDDICK 77 CNTR e+ e− → γX

1Using mass of ψ(2S) = 3686.0 MeV.
2Recalculated by ANDREOTTI 05A, using the value of ψ(2S) mass from AULCHENKO 03.
3Mass value shifted by us by amount appropriate for ψ(2S) mass = 3686 MeV and
J/ψ(1S) mass = 3097 MeV.

4 From a fit of the J/ψ recoil mass spectrum. Systematic errors not estimated.

χc0(1P) WIDTHχc0(1P) WIDTHχc0(1P) WIDTHχc0(1P) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

10.4±0.7 OUR FIT10.4±0.7 OUR FIT10.4±0.7 OUR FIT10.4±0.7 OUR FIT

10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE Error includes scale factor of 1.2.

12.6+1.5
−1.6

+0.9
−1.1 ABLIKIM 05G BES2 ψ(2S) → γχc0

8.6+1.7
−1.3±0.1 ANDREOTTI 03 E835 pp → χc0 → π0 π0

9.7±1.0 392 5 BAGNASCO 02 E835 pp → χc0 → J/ψγ

16.6+5.2
−3.7±0.1 AMBROGIANI 99B E835 pp → e+ e− γ

14.3±2.0±3.0 BAI 98I BES ψ(2S) → γπ+π−
13.5±3.3±4.2 GAISER 86 CBAL ψ(2S) → γX, γπ0π0

5Recalculated by ANDREOTTI 05A.

χc0(1P) DECAY MODESχc0(1P) DECAY MODESχc0(1P) DECAY MODESχc0(1P) DECAY MODES

Scale factor/
Mode Fraction (Γi /Γ) Confidence level

HTTP://PDG.LBL.GOV Page 1 Created: 7/6/2006 16:34
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Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)
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χc0(1P) WIDTHχc0(1P) WIDTHχc0(1P) WIDTHχc0(1P) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

10.4±0.7 OUR FIT10.4±0.7 OUR FIT10.4±0.7 OUR FIT10.4±0.7 OUR FIT

10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE10.5±0.9 OUR AVERAGE Error includes scale factor of 1.2.

12.6+1.5
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+0.9
−1.1 ABLIKIM 05G BES2 ψ(2S) → γχc0

8.6+1.7
−1.3±0.1 ANDREOTTI 03 E835 pp → χc0 → π0 π0

9.7±1.0 392 5 BAGNASCO 02 E835 pp → χc0 → J/ψγ

16.6+5.2
−3.7±0.1 AMBROGIANI 99B E835 pp → e+ e− γ

14.3±2.0±3.0 BAI 98I BES ψ(2S) → γπ+π−
13.5±3.3±4.2 GAISER 86 CBAL ψ(2S) → γX, γπ0π0

5Recalculated by ANDREOTTI 05A.

χc0(1P) DECAY MODESχc0(1P) DECAY MODESχc0(1P) DECAY MODESχc0(1P) DECAY MODES

Scale factor/
Mode Fraction (Γi /Γ) Confidence level

HTTP://PDG.LBL.GOV Page 1 Created: 7/6/2006 16:34

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

χc2(1P) IG (JPC ) = 0+(2 + +)

See the Review on “ψ(2S) and χc branching ratios” before the
χc0(1P) Listings.

χc2(1P) MASSχc2(1P) MASSχc2(1P) MASSχc2(1P) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

3556.20 ± 0.09 OUR AVERAGE3556.20 ± 0.09 OUR AVERAGE3556.20 ± 0.09 OUR AVERAGE3556.20 ± 0.09 OUR AVERAGE

3555.70 ± 0.59 ±0.39 ABLIKIM 05G BES2 ψ(2S) → γχc2
3556.173± 0.123±0.020 ANDREOTTI 05A E835 pp → e+ e−γ

3559.9 ± 2.9 EISENSTEIN 01 CLE2 e+ e− →
e+ e−χc2

3556.4 ± 0.7 BAI 99B BES ψ(2S) → γX

3556.22 ± 0.131±0.020 585 1 ARMSTRONG 92 E760 pp → e+ e−γ

3556.9 ± 0.4 ±0.5 50 BAGLIN 86B SPEC pp → e+ e−X
3557.8 ± 0.2 ±4 2 GAISER 86 CBAL ψ(2S) → γX

3553.4 ± 2.2 66 3 LEMOIGNE 82 GOLI 185 π−Be →
γµ+µ−A

3555.9 ± 0.7 4 OREGLIA 82 CBAL e+ e− → J/ψ2γ

3557 ± 1.5 69 5 HIMEL 80 MRK2 e+ e− → J/ψ2γ

3551 ±11 15 BRANDELIK 79B DASP e+ e− → J/ψ2γ

3553 ± 4 5 BARTEL 78B CNTR e+ e− → J/ψ2γ

3553 ± 4 ±4 5,6 TANENBAUM 78 MRK1 e+ e−
3563 ± 7 360 5 BIDDICK 77 CNTR e+ e− → γX
• • • We do not use the following data for averages, fits, limits, etc. • • •

3543 ±10 4 WHITAKER 76 MRK1 e+ e− → J/ψ2γ

1Recalculated by ANDREOTTI 05A, using the value of ψ(2S) mass from AULCHENKO 03.
2Using mass of ψ(2S) = 3686.0 MeV.
3 J/ψ(1S) mass constrained to 3097 MeV.
4Assuming ψ(2S) mass = 3686 MeV and J/ψ(1S) mass = 3097 MeV.
5Mass value shifted by us by amount appropriate for ψ(2S) mass = 3686 MeV and
J/ψ(1S) mass = 3097 MeV.

6 From a simultaneous fit to radiative and hadronic decay channels.

χc2(1P) WIDTHχc2(1P) WIDTHχc2(1P) WIDTHχc2(1P) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

2.06 ±0.12 OUR FIT2.06 ±0.12 OUR FIT2.06 ±0.12 OUR FIT2.06 ±0.12 OUR FIT

1.95 ±0.13 OUR AVERAGE1.95 ±0.13 OUR AVERAGE1.95 ±0.13 OUR AVERAGE1.95 ±0.13 OUR AVERAGE

1.915±0.188±0.013 ANDREOTTI 05A E835 pp → e+ e− γ

1.96 ±0.17 ±0.07 585 7 ARMSTRONG 92 E760 pp → e+ e− γ

2.6 +1.4
−1.0 50 BAGLIN 86B SPEC pp → e+ e−X

2.8 +2.1
−2.0

8 GAISER 86 CBAL ψ(2S) → γX

7Recalculated by ANDREOTTI 05A.
8 Errors correspond to 90% confidence level; authors give only width range.

HTTP://PDG.LBL.GOV Page 1 Created: 10/11/2006 16:36
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• Also good for charmonium:

‣ Thanks to superb precision of antiproton beam energy 
and momentum spread, E760/835 @ Fermilab 
Antiproton Accumulator made very precise 
measurements 
of charmonium 
parameters, e.g.:

- best measurements of various ηc, χc, hc masses, 
widths,  branching ratios,...

- interference of continuum & resonance signals

• FAIR to build similar facility at Darmstadt, done ≈2016

Low-Energy Antiprotons!
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• Fermilab Antiproton Source is world’s highest-energy 
and most intense

21

Low-Energy Antiprotons!

Future Antiproton Experiments at Fermilab
D. M. Kaplan – D R A F T 2.1 – 28 Aug. 2008
Illinois Institute of Technology, Chicago, IL 60616, USA

Fermilab operates the world’s most intense antiproton source. Newly proposed experiments can use those antiprotons

either parasitically during Tevatron Collider running or after the Tevatron Collider finishes in about 2010. In particular,

the annihilation of 8 GeV antiprotons might make the world’s most intense source of tagged D0 mesons, and thus the

best near-term opportunity to study charm mixing and, via CP violation, to search for new physics; a Penning trap

and atom interferometer could be used to measure for the first time the gravitational force on antimatter.

1. INTRODUCTION

Low- and medium-energy antiproton experiments have fruitfully addressed a variety of physics topics over many
years, starting at LEAR and continuing with the Fermilab Antiproton Source and CERN AD. Techniques and energies
used in these experiments have ranged from antiproton annihilation at rest up to 8GeV, as well as experiments using
trapped antiprotons. Physics issues have included the search for glueballs and hybrid mesons, precision studies of
hyperon decay and charmonium spectroscopy, and tests of CP and CPT symmetry. Starting in about 2015, the FAIR
project [1] at GSI will add to this list studies of strange matter, charm, and nuclei far from stability [2, 3].

Table I compares available antiproton intensities at CERN, Fermilab, and GSI. Because the Fermilab Antiproton
Source uses 120GeV protons on target and accumulates at 8GeV, it has a significant rate advantage with respect
to GSI. It also can potentially operate full-time, while at FAIR, the PANDA antiproton experiment [3] will have to
share time with other modes of operation at GSI. This intensity advantage could be maximized by building a new,
small storage ring at Fermilab in which fixed-target collisions would then take place, to allow the Accumulator to
stack antiprotons full-time; in this way a pp luminosity of ∼ 1033 cm−2s−1 could be supported. But even without
an accelerator upgrade, operation at L ≈ 1033 cm−2s−1 would be possible with 50% duty factor, and L ≈ 2 ×
1032 cm−2s−1 could be achieved with 85% duty factor using an upgrade of the Fermilab E835 detector.

Table I: Antiproton Intensities at Existing and Future Facilities

Stacking: Clock Hours p/Yr
Facility

Rate (1010/hr) Duty Factor /Yr (1013)

CERN AD 0.2

FNAL (Accumulator) 20 15% 5550 17

FNAL (New Ring) 20 90% 5550 100

GSI FAIR 3.5 90% 2780 9

2. PROPOSED ANTIPROTON EXPERIMENTS AT FERMILAB

2.1. Medium-Energy pp-Annihilation Experiment

By adding a small magnet and tracking and vertex detectors to the E835 calorimeter, plus a modern, high-
bandwidth triggering and data-acquisition system, several physics topics can be studied.

2.1.1. Charm Mixing and CP Violation

After a more than 20-year search, D0–D0 mixing is now established at 6.7 standard deviations [4], thanks mainly
to the B Factories. The level of mixing is consistent with the wide range of Standard Model predictions [5]; however,

Insert PSN Here

...even after FAIR turns on

100% 3800 0.4

FAIR (≥2015)
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A Possible Scheme
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A Possible Scheme
• Once Tevatron shuts down (≈2010),

- Reinstall E835 EM spectrometer
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Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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M.E. Detector Sketch
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Figure 4: Sketch of pp spectrometer design concept.

a b

Figure 5: Dimuon mass spectrum of the three HyperCP Σ+ → pµ+µ− candidate events
compared with Monte Carlo spectrum assuming (a) standard model virtual-photon form
factor (solid) or isotropic decay (dashed), or (b) decay via a narrow resonance X0.

with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)

11

SciFi

SiPix

- Add small magnetic spectrometer 
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Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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Figure 5: Dimuon mass spectrum of the three HyperCP Σ+ → pµ+µ− candidate events
compared with Monte Carlo spectrum assuming (a) standard model virtual-photon form
factor (solid) or isotropic decay (dashed), or (b) decay via a narrow resonance X0.

with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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shown as currently installed within the DØ calorimeters (from [68]).
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factor (solid) or isotropic decay (dashed), or (b) decay via a narrow resonance X0.

with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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Figure 5: Dimuon mass spectrum of the three HyperCP Σ+ → pµ+µ− candidate events
compared with Monte Carlo spectrum assuming (a) standard model virtual-photon form
factor (solid) or isotropic decay (dashed), or (b) decay via a narrow resonance X0.

with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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A Possible Scheme
• Once Tevatron shuts down (≈2010),

- Reinstall E835 EM spectrometer

- Run pp ̅ = 5.4 GeV/c (2mΩ < √ s ̅ < 2mΩ + mπ0) 
@ L ~ 1032 cm-2 s-1 
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(10 × E835)

+ ~1012 inclusive hyperon events!
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with solid-state photodetectors due to the magnetic field). Tracking can be done with silicon
pixel devices close to the target and fine-pitch scintillating-fiber tracking further downstream
(but still inside the solenoid). Triggering is based on a combination of calorimeter signals
indicating high-transverse-momentum electrons or photons, or signal patterns in the tracking
detectors consistent with decay vertices downstream of the target. In order to avoid overly
restrictive and inefficient triggers, the design trigger rate will be high, with a state-of-the-art
data-acquisition system à la HyperCP.

An initial focus on pp→ Ω+Ω− would allow study of the various Omega CP asymmetries
listed in Table 3 as well as of possible flavor-changing neutral-current (FCNC) decays of the
Omega hyperon. The FCNC decay Σ+ → pµ+µ− observed with 3 events in HyperCP [16]
(Fig. 5) implies the possible existence of a new particle decaying to µ+µ− with a mass of
214.3±0.5MeV/c2, just above threshold for decay to muon pairs. This hypothetical new state
has been most spectacularly interpreted as evidence for a low-mass Higgs in non-minimal
SUSY [17]. The probability of the 3 HyperCP events arising at random from the Standard
Model virtual-photon mechanism has been estimated as < 1% [16]. Should the 214.3MeV
state indeed be real, the O(10−8) branching ratio measured by HyperCP implies (due to the
larger Q-value) an O(10−6) branching ratio for Ω− → Ξ−µ+µ− [10], well within reach of the
new antiproton experiment we consider here. (This possibility is not inconsistent with the
preliminary HyperCP upper limit B(Ω− → Ξ−µ+µ−) < 6.06× 10−6 [18].)
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What Can This Do?
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Σ+ → pµ +µ−• Observe many more                     events and 
confirm or refute SUSY interpretation

• Discover or limit CP violation in                 
and                    via partial-rate asymmetries               

� 

Ω− →Ξ0π −

� 

Ω− →ΛK −

• Discover or limit                       and confirm or 
refute SUSY interpretation

� 

Ω− →Ξ−µ +µ−

Predicted B ~10–6 
if P0 real

Predicted ∆B ~10–5 
in SM, ~10–3 if NP <
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• Much interest lately in new states observed in 
charmonium region: X(3872), X(3940), Y(3940), 
Y(4260), and Z(3930)

• X(3872) of particular interest b/c may be the 
first hadron-antihadron (D0 D̅*0 + c.c.) molecule
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• Belle, Aug. 2003: 
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ψ’

• Since confirmed by CDF, D0, & BaBar

• Not consistent with being charmonium state

• Very near D0 D*0 threshold (∆mc2 = −0.35±0.69 MeV)
25
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XYZ hadronic transitions
Many new states : ?               (Round table Friday)

State EXP M + i ! (MeV) JPC Decay Modes 
Observed

Production Modes 
Observed

X(3872) Belle,CDF, D0,
 Cleo, BaBar

3871.2±0.5 + i(<2.3) 1++
!+!-J/",  !+!-!0J/", 

#J/"
B decays,  ppbar 

Belle
BaBar

3875.4±0.7+1.2
-2.0

3875.6±0.7+1.4
-1.5

D0D0!0 B decays 

Z(3930) Belle 3929±5±2 + i(29±10±2) 2++ D0D0, D+D- $$

Y(3940) Belle
BaBar

3943±11±13 + i(87±22±26)
3914.3+3.8

-3.4 ±1.6+ i(33+12
-8 ±0.60)

J++ %J/" B decays 

X(3940) Belle 3942+7
-6±6 + i(37+26

-15±8) JP+ DD* e+e- (recoil against J/")

Y(4008) Belle 4008±40+72
-28 + i(226±44+87

-79) 1-- !+!-J/" e+e- (ISR)

X(4160) Belle 4156+25
-20±15+ i(139+111

-61±21) JP+ D*D* e+e- (recoil against J/")

Y(4260)
BaBar
Cleo
Belle

4259±8+8
-6 + i(88±23+6

-4)
4284+17

-16 ±4 + i(73+39
-25±5) 

4247±12+17
-32 + i(108±19±10)

1-- !+!-J/", !0!0J/",
 K+K-J/" e+e- (ISR), e+e- 

Y(4350) BaBar
Belle

4324±24 + i(172±33) 

4361±9±9 + i(74±15±10) 1-- !+!-"(2S) e+e- (ISR)

Z+(4430) Belle 4433±4±1+ i(44+17
-13

+30
-11) JP !+"(2S) B decays 

Y(4620) Belle 4664±11±5 + i(48±15±3) 1-- !+!-"(2S) e+e- (ISR)
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• Much interest lately in new states observed in 
charmonium region: X(3872), X(3940), Y(3940), 
Y(4260), and Z(3930)

• X(3872) of particular interest b/c may be the 
first hadron-antihadron (D0 D̅*0 + c.c.) molecule

27

What Else Can This Do?
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• Much interest lately in new states observed in 
charmonium region: X(3872), X(3940), Y(3940), 
Y(4260), and Z(3930)

➡ need very precise mass & width measurement 
to confirm or refute

➡ pp → X(3872) formation ideal for this

• X(3872) of particular interest b/c may be the 
first hadron-antihadron (D0 D̅*0 + c.c.) molecule

27

What Else Can This Do?
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Also,... 

‣ Study other X, Y, Z states

‣ Worthwhile measurements that E835 could have 
made but didn’t...
(lack of beam time for precision scans when one didn’t 
know exactly where to look)

- hc mass & width, χc radiative-decay angular 
distributions, ηc’  full and radiative widths,...

‣ ...improved limits on p ̅ lifetime and branching ratios 
(APEX),...

28
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X(3872) coupling 
assuming D*D̅ 
molecule
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cross section
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Charm!

D*D cross-section estimate (after E. 
Braaten, arXiv:0711.1854)
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X(3872) coupling 
assuming D*D̅ 
molecule

- extrapolates from 
K*K ̅ data

• By-product is D*D̅ 
cross section
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(Expect good to factor ~3)

PRD 77, 034019)
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• Braaten estimate of p ̅p 
X(3872) coupling 
assuming D*D̅ 
molecule

- extrapolates from 
K*K ̅ data

• By-product is D*D̅ 
cross section

• 1.3 µb → 5 ×109/year

29

(Expect good to factor ~3)
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Charm!

D*D cross-section estimate (after E. 
Braaten, arXiv:0711.1854)
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• Braaten estimate of p ̅p 
X(3872) coupling 
assuming D*D̅ 
molecule

- extrapolates from 
K*K ̅ data

• By-product is D*D̅ 
cross section

• 1.3 µb → 5 ×109/year

• Expect efficiency as at 
B factories
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(Expect good to factor ~3)

PRD 77, 034019)
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• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS
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• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

For a given final state f , CP violating contributions can be summarized in the parameter

λf =
q

p

Af

Af
= Rmei(φ+δ)

∣

∣

∣

∣

∣

Af

Af

∣

∣

∣

∣

∣

, (11)

where Af and Af are the amplitudes for D0 → f and D0 → f transitions respectively and δ is
the strong phase difference between Af and Af . Here φ represents the convention-independent
weak phase difference between the ratio of decay amplitudes and the mixing matrix.

Presently, experimental information about the D0 − D0 mixing parameters x and y comes
from the time-dependent analyses that can roughly be divided into two categories. First, more
traditional studies look at the time dependence of D → f decays, where f is the final state
that can be used to tag the flavor of the decayed meson. The most popular is the non-leptonic
doubly Cabibbo suppressed decay D0 → K+π−. Time-dependent studies allow one to separate
the DCSD from the mixing contribution D0 → D0 → K+π−,

Γ[D0 → K+π−] = e−Γt|AK−π+ |2
[

R +
√

RRm(y′ cosφ − x′ sinφ)Γt +
R2

m

4
(y2 + x2)(Γt)2

]

, (12)

where R is the ratio of DCS and Cabibbo favored (CF) decay rates. Since x and y are small,
the best constraint comes from the linear terms in t that are also linear in x and y. A direct
extraction of x and y from Eq. (12) is not possible due to unknown relative strong phase δD of
DCS and CF amplitudes [44], as x′ = x cos δD + y sin δD, y′ = y cos δD − x sin δD. This phase
can be measured independently. The corresponding formula can also be written [40] for D0

decay with x′ → −x′ and Rm → R−1
m .

Second, D0 mixing can be measured by comparing the lifetimes extracted from the analysis
of D decays into the CP-even and CP-odd final states. This study is also sensitive to a linear
function of y via

τ(D → K−π+)

τ(D → K+K−)
− 1 = y cosφ − x sinφ

[

R2
m − 1

2

]

. (13)

Time-integrated studies of the semileptonic transitions are sensitive to the quadratic form x2+y2

and at the moment are not competitive with the analyses discussed above.
The construction of new tau-charm factories CLEO-c and BES-III will introduce new time-

independent methods that are sensitive to a linear function of y. One can again use the fact
that heavy meson pairs produced in the decays of heavy quarkonium resonances have the useful
property that the two mesons are in the CP-correlated states [45].

By tagging one of the mesons as a CP eigenstate, a lifetime difference may be determined
by measuring the leptonic branching ratio of the other meson. Its semileptonic width should be
independent of the CP quantum number since it is flavor specific, yet its branching ratio will
be inversely proportional to the total width of that meson. Since we know whether this D(k2)
state is tagged as a (CP-eigenstate) D± from the decay of D(k1) to a final state Sσ of definite
CP-parity σ = ±, we can easily determine y in terms of the semileptonic branching ratios of
D±. This can be expressed simply by introducing the ratio

RL
σ =

Γ[ψL → (H → Sσ)(H → Xl±ν)]

Γ[ψL → (H → Sσ)(H → X)] Br(H0 → Xlν)
, (14)
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where Af and Af are the amplitudes for D0 → f and D0 → f transitions respectively and δ is
the strong phase difference between Af and Af . Here φ represents the convention-independent
weak phase difference between the ratio of decay amplitudes and the mixing matrix.

Presently, experimental information about the D0 − D0 mixing parameters x and y comes
from the time-dependent analyses that can roughly be divided into two categories. First, more
traditional studies look at the time dependence of D → f decays, where f is the final state
that can be used to tag the flavor of the decayed meson. The most popular is the non-leptonic
doubly Cabibbo suppressed decay D0 → K+π−. Time-dependent studies allow one to separate
the DCSD from the mixing contribution D0 → D0 → K+π−,
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where R is the ratio of DCS and Cabibbo favored (CF) decay rates. Since x and y are small,
the best constraint comes from the linear terms in t that are also linear in x and y. A direct
extraction of x and y from Eq. (12) is not possible due to unknown relative strong phase δD of
DCS and CF amplitudes [44], as x′ = x cos δD + y sin δD, y′ = y cos δD − x sin δD. This phase
can be measured independently. The corresponding formula can also be written [40] for D0

decay with x′ → −x′ and Rm → R−1
m .

Second, D0 mixing can be measured by comparing the lifetimes extracted from the analysis
of D decays into the CP-even and CP-odd final states. This study is also sensitive to a linear
function of y via

τ(D → K−π+)

τ(D → K+K−)
− 1 = y cosφ − x sinφ

[

R2
m − 1

2

]

. (13)

Time-integrated studies of the semileptonic transitions are sensitive to the quadratic form x2+y2

and at the moment are not competitive with the analyses discussed above.
The construction of new tau-charm factories CLEO-c and BES-III will introduce new time-

independent methods that are sensitive to a linear function of y. One can again use the fact
that heavy meson pairs produced in the decays of heavy quarkonium resonances have the useful
property that the two mesons are in the CP-correlated states [45].

By tagging one of the mesons as a CP eigenstate, a lifetime difference may be determined
by measuring the leptonic branching ratio of the other meson. Its semileptonic width should be
independent of the CP quantum number since it is flavor specific, yet its branching ratio will
be inversely proportional to the total width of that meson. Since we know whether this D(k2)
state is tagged as a (CP-eigenstate) D± from the decay of D(k1) to a final state Sσ of definite
CP-parity σ = ±, we can easily determine y in terms of the semileptonic branching ratios of
D±. This can be expressed simply by introducing the ratio

RL
σ =

Γ[ψL → (H → Sσ)(H → Xl±ν)]

Γ[ψL → (H → Sσ)(H → X)] Br(H0 → Xlν)
, (14)
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Interference with DCSD
amplifies mixing signal:
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mixing

DCS
• D0’s mix! (c is only up-

type quark that can)
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• Let

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(

Am

2
− Aprod

)

,

x′
D = xD cos δKπ + yD sin δKπ , (3)

y′D = yD cos δKπ − xD sin δKπ ,

where Aprod =
(

ND0 − N
D

0

)

/
(

ND0 + N
D

0

)

is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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and Am. In this limit y(CP)
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2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)
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regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.
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and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(

Am

2
− Aprod

)

,

x′
D = xD cos δKπ + yD sin δKπ , (3)

y′D = yD cos δKπ − xD sin δKπ ,

where Aprod =
(

ND0 − N
D

0

)

/
(

ND0 + N
D

0

)

is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
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2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/
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It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass
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measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
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It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
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between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.
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The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)
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• Let

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by
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, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as
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D = yD cosφ − xD sin φ

(

Am
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)

,
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where Aprod =
(
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/
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is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1
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〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(
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2
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)

,
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D = xD cos δKπ + yD sin δKπ , (3)
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where Aprod =
(
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/
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is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as
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D = yD cosφ − xD sin φ

(
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,
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/
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0

(giving the relative weight of D0 and D
0
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between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)
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• Let

• Big question: 
New Physics or old?

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1
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〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as
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D = yD cosφ − xD sin φ

(
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,
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y′D = yD cos δKπ − xD sin δKπ ,

where Aprod =
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/
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is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1
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〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as
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in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by
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2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
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D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(

Am

2
− Aprod

)

,

x′
D = xD cos δKπ + yD sin δKπ , (3)

y′D = yD cos δKπ − xD sin δKπ ,

where Aprod =
(

ND0 − N
D

0

)

/
(

ND0 + N
D

0

)
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between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)
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• Let

• Big question: 
New Physics or old?

➡key is CPV, i.e., p ≠ q?

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(

Am

2
− Aprod

)

,

x′
D = xD cos δKπ + yD sin δKπ , (3)

y′D = yD cos δKπ − xD sin δKπ ,

where Aprod =
(

ND0 − N
D

0

)

/
(

ND0 + N
D

0

)

is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.
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mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,
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It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass
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between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.
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y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
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• Let

• Big question: 
New Physics or old?

➡key is CPV, i.e., p ≠ q?

• B factories have ~109 
open-charm events

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as

y(CP)
D = yD cosφ − xD sin φ

(
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2
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)

,

x′
D = xD cos δKπ + yD sin δKπ , (3)
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where Aprod =
(
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0
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/
(

ND0 + N
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0

)

is the so-called production asymmetry of D0 and

D
0

(giving the relative weight of D0 and D
0

in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
D , x′

D, and y′D, are defined as
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D = yD cosφ − xD sin φ

(
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)

,
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is the so-called production asymmetry of D0 and
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(giving the relative weight of D0 and D
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in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by
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2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass

and width differences, y(CP)
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in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.
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The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)
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• Let

• Big question: 
New Physics or old?

➡key is CPV, i.e., p ≠ q?

• B factories have ~109 
open-charm events

• p ̅p can produce ~1010/y

• D0                K+π–;  R ≡ ΓDCS / ΓCF
mixing

DCS

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
eigenstates. Those two bases, however, are related by a linear transformation,

|D 1

2

〉 = p|D0〉± q|D0〉, (1)

where the complex parameters p and q are obtained from diagonalizing the D0−D0 mass matrix.
Neglecting CP-violation leads to p = q = 1/

√
2. The mass and width splittings between those

mass eigenstates are given by

xD =
m1 − m2

ΓD
, yD =

Γ1 − Γ2

2ΓD
. (2)

It is expected that xD and yD should be rather small in the Standard Model, which is usually
attributed to the absence of superheavy quarks destroying Glashow-Iliopoulos-Maiani (GIM)
cancellation. In Eq. (2), ΓD is the average width of the two neutral D meson mass eigenstates.
The quantities which are actually measured in most experimental determinations of the mass
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D , x′

D, and y′D, are defined as
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,
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is the so-called production asymmetry of D0 and
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(giving the relative weight of D0 and D
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in the sample) and δKπ is the strong phase difference

between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ

and Am. In this limit y(CP)
D = yD. Please see recent reviews1,3,4 for more complete analysis.

2 Experimental Constraints on Charm Mixing

The recent interest in D0-D̄0 mixing started with the almost simultaneous observations by the
BaBar 6 and Belle 7 collaborations of nonzero mixing signals at about the per cent level,

y′D = (0.97 ± 0.44 ± 0.31) · 10−2 (BaBar) , (4)

y(CP)
D = (1.31 ± 0.32 ± 0.25) · 10−2 (Belle) . (5)

This was soon followed by the announcement by the Belle collaboration of mixing measurements
from the Dalitz plot analyses of D0 → KSπ+π− 8,

xD = (0.80 ± 0.29 ± 0.17) · 10−2 , yD = (0.33 ± 0.24 ± 0.15) · 10−2 . (6)

A fit to the current database by the Heavy Flavor Averaging Group (HFAG) gives 5

xD = 9.8+2.6
−2.7 · 10−3 , yD = (7.5 ± 1.8) · 10−3 , (7)

regarding the detection of D0-D̄0 mixing, which marks the first time Flavor Changing Neutral
Currents (FCNC) have been observed in the charged +2/3 quark sector. With the potential
window to discern large NP effects in the charm sector and the anticipated improved accuracy for
future mixing measurements, the motivation for a comprehensive up-to-date theoretical analysis
of New Physics contributions to D meson mixing is compelling.

The phenomenon of meson-anti-meson mixing occurs in the presence of operators that change
quark flavor by two units 1. Those operators can be generated in both the Standard Model
and many possible extensions of it. They produce off-diagonal terms in the meson-anti-meson
mass matrix, so that the basis of flavor eigenstates no longer coincide with the basis of mass
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between the Cabibbo favored and double Cabibbo suppressed amplitudes 2, which is usually
measured in D → Kπ transitions. In what follows we shall neglect CP-violating parameters φ
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Table 2: Assumed values and sensitivity-benchmark estimate of tagged (

D
)0 → K∓π±

events per year. (Caveats: As discussed in text, the reliability of some of these values
remains to be established. They are based on exclusive cross-section estimates, so the
inclusive production rate could be significantly higher, but the cross section, luminosity, or
efficiency could also be lower.)

Quantity Value Unit
Running time 2× 107 s/y
Duty factor 0.8*

L 2× 1032 cm−2s−1

Target A 27
A0.29 2.6

σ(pp→ D∗+X) 1.25 µb
# D∗± produced 2.1× 1010 events/y
B(D∗+ → D0π+) 0.677
B(D0 → K−π+) 0.0389

Acceptance 0.5
Efficiency 0.1

Total 2.7× 107 events/y
∗Assumes ≈ 15% of running time is devoted to antiproton-beam stacking.
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[4] See http://www.slac.stanford.edu/xorg/hfag/charm/ICHEP08/results mix+cpv.html
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[5] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003).

[6] C. Amsler et al., Phys. Lett. B 639 (2006) 165.

[7] S. N. Ganguli et al., Nucl. Phys. B 183, 295 (1981).

[8] M. J. Leitch et al., Phys. Rev. Lett. 72, 2542 (1994).

[9] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).
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be an underestimate but agrees even more closely with Titov’s.
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• Ballpark sensitivity estimate using cross section based on
Braaten p ̅p → D*0D̅0 formula and assuming σ ∝ A1.0:
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avoid bias, details of the analysis procedure were finalized
without consulting quantities sensitive to yCP and A!.

The Belle detector is described in detail elsewhere [11]:
It includes, in particular, a silicon vertex detector [13], a
central drift chamber, an array of aerogel Cherenkov coun-
ters, and time-of-flight scintillation counters. We recon-
struct D!" ! D0!"

s decays with a characteristic slow pion
!s, and D0 ! K"K#, K#!", and !"!#. The charge of
the !$

s determines the flavor of the produced neutral D
meson. Each track is required to have at least two associ-
ated vertex detector hits in each of the two measuring
coordinates. To select pion and kaon candidates, we im-
pose standard particle identification criteria [14]. D0

daughter tracks are refitted to a common vertex, and the
D0 production vertex is found by constraining its momen-
tum vector and the !s track to originate from the e"e#

interaction region; confidence levels exceeding 10#3 are
required for both fits. A D! momentum greater than
2:5 GeV=c (in the c.m.) is required to reject D mesons
produced in B-meson decays and to suppress combinato-
rial background. The proper decay time of the D0 candi-

date is then calculated from the projection of the vector
joining the two vertices ~L onto the D0 momentum vector
t % mD0 ~L & ~p=p2, where mD0 is the nominal D0 mass. The
decay-time uncertainty "t is evaluated event by event from
the covariance matrices of the production and decay
vertices.

Candidate D0 mesons are selected using two kinematic
observables: the invariant mass of theD0 decay products M
and the energy released in the D!" decay q % 'MD! #
M#m!(c2. MD! is the invariant mass of the D0!s combi-
nation, and m! is the !" mass.

According to Monte Carlo (MC) simulated distributions
of t, M, and q, background events fall into four categories:
(i) combinatorial, with zero apparent lifetime; (ii) true D0

mesons combined with random slow pions (this has the
same apparent lifetime as the signal); (iii) D0 decays to
three or more particles; and (iv) other charm hadron de-
cays. The apparent lifetime of the latter two categories is
10%–30% larger than #D0 . Since we find differences in M
and q distributions between MC simulation and data
events, we perform fits to data distributions to obtain
scaling factors for the individual background categories
and signal widths and then tune the background fractions
and signal shapes in the MC simulation event by event.

The sample of events for the lifetime measurements is
selected using j"Mj="M, where "M ) M#mD0 , j"qj )
q# 'mD!" #mD0 #m!(c2, and "t. The invariant mass
resolution "M varies from 5:5–6:8 MeV=c2, depending
on the decay channel. Selection criteria are chosen to
minimize the expected statistical error on yCP, using the
tuned MC simulation: We require j"Mj="M < 2:3,
j"qj< 0:80 MeV, and "t < 370 fs. The data distributions
and agreement with the tuned MC distributions are shown
in Figs. 1(a)–1(d). We find 111* 103K"K#, 1:22*
106K#!", and 49* 103!"!# signal events, with purities
of 98%, 99%, and 92%, respectively.

The relative lifetime difference yCP is determined from
D0 ! K"K#, K#!", and !"!# decay-time distributions
by performing a simultaneous binned maximum likelihood
fit to the three samples. Each distribution is assumed to be a
sum of signal and background contributions, with the
signal contribution being a convolution of an exponential
and a detector resolution function:

 dN=dt % Nsig

#

Z
e#t0=#R't# t0(dt0 " B't(: (3)

The resolution function R't# t0( is constructed from the
normalized distribution of the decay-time uncertainties "t
[see Fig. 1(e)]. The "t of a reconstructed event ideally
represents an uncertainty with a Gaussian probability den-
sity: In this case, we take bin i in the "t distribution to
correspond to a Gaussian resolution term of width "i, with
a weight given by the fraction fi of events in that bin.
However, the distribution of ‘‘pulls,’’ i.e., the normalized
residuals 'trec # tgen(="t (where trec and tgen are recon-
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FIG. 1. M distribution of selected events (with j"qj<
0:80 MeV and "t < 370 fs) for (a) K"K#, (b) K#!", and
(c) !"!# final states. The histogram shows the tuned MC
distribution. (d) q distribution (with j"Mj="M < 2:3 and "t <
370 fs) for the K"K# final state. (e) Normalized distribution of
errors "t on the decay time t for D0 ! K#!", showing the
construction of the resolution function using the fraction fi in the
bin with "t % "i. (f) Fitted lifetime of D0 mesons in the K#!"

final state in four running periods with slightly different con-
ditions and the result of a fit to a constant. The world average
value (W.A.) is also shown.
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Table 2: Assumed values and sensitivity-benchmark estimate of tagged (

D
)0 → K∓π±

events per year. (Caveats: As discussed in text, the reliability of some of these values
remains to be established. They are based on exclusive cross-section estimates, so the
inclusive production rate could be significantly higher, but the cross section, luminosity, or
efficiency could also be lower.)

Quantity Value Unit
Running time 2× 107 s/y
Duty factor 0.8*

L 2× 1032 cm−2s−1

Target A 27
A0.29 2.6

σ(pp→ D∗+X) 1.25 µb
# D∗± produced 2.1× 1010 events/y
B(D∗+ → D0π+) 0.677
B(D0 → K−π+) 0.0389

Acceptance 0.5
Efficiency 0.1

Total 2.7× 107 events/y
∗Assumes ≈ 15% of running time is devoted to antiproton-beam stacking.
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[10] A. I. Titov and B. Kämpfer, Phys. Rev. C 78, 025201 (2008).

[11] K. Ehret, Nucl. Instr. Meth. A 446, (2000) 190.

[12] A. Titov, private communication.

[13] E. Braaten, private communication. Indeed, he has also described an alternative cal-
culation, also based on Phys. Rev. D 77, 034019 (2008), that, at 250 nb, is expected to
be an underestimate but agrees even more closely with Titov’s.

7
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Braaten p ̅p → D*0D̅0 formula and assuming σ ∝ A1.0:
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represents an uncertainty with a Gaussian probability den-
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correspond to a Gaussian resolution term of width "i, with
a weight given by the fraction fi of events in that bin.
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FIG. 1. M distribution of selected events (with j"qj<
0:80 MeV and "t < 370 fs) for (a) K"K#, (b) K#!", and
(c) !"!# final states. The histogram shows the tuned MC
distribution. (d) q distribution (with j"Mj="M < 2:3 and "t <
370 fs) for the K"K# final state. (e) Normalized distribution of
errors "t on the decay time t for D0 ! K#!", showing the
construction of the resolution function using the fraction fi in the
bin with "t % "i. (f) Fitted lifetime of D0 mesons in the K#!"

final state in four running periods with slightly different con-
ditions and the result of a fit to a constant. The world average
value (W.A.) is also shown.
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• LHCb will have comparable statistics but diff ’t systematics
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)0 → K∓π±

events per year. (Caveats: As discussed in text, the reliability of some of these values
remains to be established. They are based on exclusive cross-section estimates, so the
inclusive production rate could be significantly higher, but the cross section, luminosity, or
efficiency could also be lower.)
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• Another possibility (E. Braaten): use the 
X(3872) as a pure source of D*0D̅0 events

- the p ̅p equivalent of the Ψ(3770)!?

- assuming current Antiproton Accumulator 
parameters (∆p/p) & Braaten estimate, 
produce ~108 events/year

- comparable to BES-III statistics

- could gain factor ~5 via AA e– cooling?

• Proposed expt will establish feasibility & reach
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...and now 
for something 

completely different!
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• Long quest at LEAR, then AD (ATRAP,  
ATHENA,  ALPHA), to study antihydrogen 
and test CPT

- e.g., is Lamb shift identical for H and H̅?

• Struggling with difficulty of combining 
antiprotons with positrons in a Penning trap 
and winding up in (or near) ground state

34
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• But over 10 years ago, LEAR PS210 & FNAL E835 
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Abstract 

Results are presented for a measurement for the production of the antihydrogen atom E0 G @e’, the simplest atomic 

bound state of antimatter. 

A method has been used by the PS210 collaboration at LEAR which assumes that the production of E” is predominantly 

mediated by the e+e--pair creation via the two-photon mechanism in the antiproton-nucleus interaction. Neutral FT0 atoms 

are identified by a unique sequence of characteristics. In principle E” is well suited for investigations of fundamental CPT 

violation studies under different forces, however, in our investigations we concentrate on the production of this antimatter 

object, since so far it has never been observed before. 

The production of 11 antihydrogen atoms is reported including possibly 2f 1 background signals, the observed yield 

agrees with theoretical predictions. 

PACS: 25.43.$-t 

Keywords: Antihydrogen 

1. Introduction 

The idea of the existence of antimatter goes back 

to the work of Dirac. In 1931 he proposed the 

positron [ I]. Soon afterwards it was confirmed by the 

detection of electron-positron pairs created in cosmic 

rays [ 21. For each particle (meson, baryon, lepton, 

gauge boson,...) a corresponding antiparticle exists as 

predicted by the CPT theorem. 

The CPT theorem can be derived from very gen- 

era1 principles of relativistic quantum field theory. The 

combined operation of charge conjugation (C), space 

reflection (P) and time reversal (T) represents an ex- 

act symmetry of nature. A determination of CPT in- 

variance is therefore a test of the correctness of the 

description of the microscopic phenomena in terms of 

the existing local field theory. CPT violation would 

mean an existence of unknown properties of the fields 

and their interactions which are outside the standard 

theory. The search for effects of CPT violation in dif- 
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Observation of Atomic Antihydrogen
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We report the background-free observation of atomic antihydrogen, produced by interactions of an
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumulator. We measure
the cross section of the reaction pp ! He2p for p beam momenta between 5203 and 6232 MeV!c to
be 1.12 6 0.14 6 0.09 pb. [S0031-9007(98)05685-3]

PACS numbers: 36.10.–k, 11.30.Er, 13.75.Cs, 25.43.+t

The CPT theorem states that the product of the charge
conjugation (C), parity (P), and time reversal (T ) opera-
tions is an exact symmetry of nature. CPT invariance is
a property of any quantum field theory that is constructed
from fields which form a finite-dimensional representation
of the Lorentz group, have local interactions invariant un-
der the proper Lorentz group, and are described by a Her-
mitian Lagrangian [1]. This includes all of the elements of
the standard model of particle physics, but not all possible
extensions to it. Notably, string theories may not require
CPT invariance [2]. Consequently, tests of CPT invari-
ance are of fundamental importance.

CPT invariance implies that every particle state must
have a corresponding antiparticle state, with equal mass,
spin, and lifetime, and equal but opposite charge and
magnetic moment. The hydrogen atom is the best studied
of all physical systems; antihydrogen is therefore the ideal
system for the study of CPT in atomic interactions. A
program is underway at CERN to construct a facility
dedicated to low energy p and H experiments [3]. The
goal is to produce H in a magnetic trap, and to perform
spectroscopic measurements of comparable precision to
those made using H [4].
In this Letter, we report an observation of atomic H.

Both this experiment and the only previous experiment to
report H (CERN PS-210 [5]) were based on a suggestion
of Munger, Brodsky, and Schmidt [6] that H atoms are
formed in the collisions of high energy p’s with nuclei.
These atoms are made at large momenta and can be
identified through ionization into components.
The layout of our experiment, Fermilab E862, is shown

in Fig. 1. The experiment was run parasitically to E835,
a study of pp resonant annihilation into charmonium us-
ing the Fermilab Antiproton Accumulator and an internal
hydrogen gas jet target [7]. The energy of the p beam
and the density of the target were determined by E835.
The results presented here are based on data collected be-
tween November 1996 and September 1997 with p beam
momentum above 5200 MeV!c.
Atoms of antihydrogen were formed in the reaction

pp ! He2p when a positron, created as a member of
an e1e2 pair by a beam p in the Coulomb field of a tar-

get p, was captured by the beam p. This process involves
momentum transfer of order mec, so the H atoms were
produced with *0.9995 of the beam momentum, and did
not separate from the p beam until the beam was deflected
87 mrad by the storage ring dipole magnet 18 m down-
stream of the gas jet target. The vacuum pipe through this
magnet was modified to allow the neutralH to exit the stor-
age ring [8]. Six meters downstream, the atom was ionized
in a thin carbon foil that was mounted on a wheel so that
it could be removed from the beam line by remote control.
The components e1 and p each retained the velocity of
the atom (although the e1 direction was changed by mul-
tiple scattering in the foil); the momentum was shared in
the ratio of the masses (0.511!938). The e1 and p were

FIG. 1. Experimental apparatus.

0031-9007!98!80(14)!3037(4)$15.00 © 1998 The American Physical Society 3037
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• Formed automatically e.g. in E835 gas-jet 
target,detected in “parasitic” E862
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a property of any quantum field theory that is constructed
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CPT invariance [2]. Consequently, tests of CPT invari-
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spin, and lifetime, and equal but opposite charge and
magnetic moment. The hydrogen atom is the best studied
of all physical systems; antihydrogen is therefore the ideal
system for the study of CPT in atomic interactions. A
program is underway at CERN to construct a facility
dedicated to low energy p and H experiments [3]. The
goal is to produce H in a magnetic trap, and to perform
spectroscopic measurements of comparable precision to
those made using H [4].
In this Letter, we report an observation of atomic H.

Both this experiment and the only previous experiment to
report H (CERN PS-210 [5]) were based on a suggestion
of Munger, Brodsky, and Schmidt [6] that H atoms are
formed in the collisions of high energy p’s with nuclei.
These atoms are made at large momenta and can be
identified through ionization into components.
The layout of our experiment, Fermilab E862, is shown

in Fig. 1. The experiment was run parasitically to E835,
a study of pp resonant annihilation into charmonium us-
ing the Fermilab Antiproton Accumulator and an internal
hydrogen gas jet target [7]. The energy of the p beam
and the density of the target were determined by E835.
The results presented here are based on data collected be-
tween November 1996 and September 1997 with p beam
momentum above 5200 MeV!c.
Atoms of antihydrogen were formed in the reaction

pp ! He2p when a positron, created as a member of
an e1e2 pair by a beam p in the Coulomb field of a tar-

get p, was captured by the beam p. This process involves
momentum transfer of order mec, so the H atoms were
produced with *0.9995 of the beam momentum, and did
not separate from the p beam until the beam was deflected
87 mrad by the storage ring dipole magnet 18 m down-
stream of the gas jet target. The vacuum pipe through this
magnet was modified to allow the neutralH to exit the stor-
age ring [8]. Six meters downstream, the atom was ionized
in a thin carbon foil that was mounted on a wheel so that
it could be removed from the beam line by remote control.
The components e1 and p each retained the velocity of
the atom (although the e1 direction was changed by mul-
tiple scattering in the foil); the momentum was shared in
the ratio of the masses (0.511!938). The e1 and p were

FIG. 1. Experimental apparatus.
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Measuring the antihydrogen Lamb shift with a relativistic antihydrogen beam

G. Blanford, K. Gollwitzer, M. Mandelkern, J. Schultz, G. Takei, and G. Zioulas
University of California at Irvine, Irvine, California 92717

D. C. Christian
Fermilab, Batavia, Illinois 60510

C. T. Munger
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

!Received 18 December 1997; published 4 May 1998"

We propose an experiment to measure the Lamb shift and fine structure !the intervals 2s1/2!2p1/2 and
2p1/2!2p3/2) in antihydrogen. A sample of 10 000 antihydrogen atoms at a momentum of 8.85 GeV/c suffices
to measure the Lamb shift to 5% and the fine structure to 1%. Atomic collisions excite antihydrogen atoms to

states with n"2; field ionization in a Lorentz-transformed laboratory magnetic field then prepares a particular
n"2 state, and is used again to analyze that state after it is allowed to oscillate in a region of zero field. This
experiment is feasible at Fermilab. #S0556-2821!98"04711-0$

PACS number!s": 11.30.Er, 25.43.#t, 36.10.!k

I. INTRODUCTION

The CPT theorem predicts the existence of the antimatter

counterpart of every physical state. Antimatter states corre-

sponding to elementary particles and some light nuclei have

been observed. Until recently no antimatter atomic or mo-

lecular state had been detected. A CERN group #1$ reported
antihydrogen candidates in 1995. We have obtained a

background-free sample of antihydrogen atoms in a Fermilab

experiment #2$. Study of antimatter-matter symmetry is in-
teresting as the only test of CPT invariance, a principle that

is fundamental to our description of elementary particle in-

teractions.

CPT invariance states that the product of the charge con-

jugation (C), parity (P) and time reversal (T) operations is

an exact symmetry of nature. It is the minimal condition for

the existence of antiparticles within quantum field theory. It

can be derived from very general principles, specifically that

a quantum field theory should be constructed from fields that

belong to finite-dimensional representations of the Lorentz

group, have local interactions invariant under the proper Lor-

entz group, be described by a Hermitian Lagrangian, and
have a unique vacuum. The predictions of the CPT theorem
are that particle and antiparticle states have equal masses,
spins, and lifetimes, and equal but opposite charges and mag-
netic moments. The most stringent tests made to date are the
equality of the electron and positron g factors #3$ to 2.1 parts
in 1012, and the equality of !e/m! for the proton and antipro-
ton #4$ to 1.5 parts in 109. An indirect determination #5$ of
the K0!K̄0 fractional mass difference yields a limit of 9
$10!19. Matter-antimatter symmetry has thus been studied
in leptons and bound states of quarks. Using antimatter at-
oms, we can perform CPT tests of systems comprised of
multiquark states !nuclei" interacting electromagnetically
with leptons !electrons".
The hydrogen atom is the best studied of all physical sys-

tems and extremely precise measurements of its spectrum

have been made, the best of which is of the 1s!2s interval
#6$ to 3.4 parts in 1013. Antihydrogen at rest would be the
ideal system for the study of CPT in atomic interactions and
experiments are planned at CERN, where a new facility #7$
is in construction, to emulate the high precision measure-
ments made in hydrogen.
We have developed a way to measure the spectrum that

uses instead antihydrogen in a relativistic atomic beam. Our
method of measuring the energy differences between the n
"2 levels is an exact analog to the method of measuring the
KL!KS mass difference by studying the time dependence of
K0 semileptonic decays. We describe an experiment which is
feasible at the Fermilab Antiproton Accumulator with an an-
tihydrogen beam at 8.85 GeV/c . The simulation described
below is based on the parameters of that machine.

II. OVERVIEW OF EXPERIMENT

In our Fermilab experiment #2$ we formed antihydrogen
atoms by passing antiprotons stored in the Fermilab Antipro-
ton Accumulator through a hydrogen gas jet target. We iden-
tified antihydrogen atoms, with no background, by requiring
a coincidence between a positron signal and an antiproton
tracked in a high-resolution (5$10!4) magnetic spectrom-
eter. We now propose to pass the antiprotons through a high-
Z gas jet target in order to take advantage of the Z2 rise #8,9$
in the cross section. Antihydrogen atoms will be identified
using a coincidence between an antiproton tracked in a simi-
lar magnetic spectrometer and a positron tracked in a lower
resolution detector.
Antihydrogen atoms emerge from the Accumulator in the

1s state. The atoms are next excited by their passage through
a thin foil mounted in a magnetic field. The electric field
experienced by the atoms in their rest frame ionizes all of the
excited states except those in the long-lived Stark level with
n"2. A long-lived state can be represented as a coherent
sum of the zero-field n"2 states, which are split by the fine
structure and Lamb shift. The atoms next pass through a

PHYSICAL REVIEW D 1 JUNE 1998VOLUME 57, NUMBER 11

570556-2821/98/57!11"/6649!7"/$15.00 6649 © 1998 The American Physical Society
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• Further parasitic running appears feasible

• Hope to install high-Z foil operable in Antiproton 
Accumulator beam halo at upcoming shutdown

• Can then assemble Lamb-shift apparatus (magnets, 
laser, detectors) and begin shakedown and 
operation
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CPT test using relativistic antihydrogen

• Antihydrogen is produced in the gas-jet target - exits the Accumulator in the 
ground state.

– 99 antihydrogen atoms were observed by E862 with 0 background.

• The atoms enter a 7kG magnet and a large fraction are excited to N=2 long-
lived Stark state by laser light.

• Atoms exit magnet & pass through a field-free region, then enter a second 
magnet with field 6-8 kG.  The mixture of N=2 Stark states in the second 
magnet depends on the time spent in the field-free region, the fine structure, 
and the Lamb shift.

• Distribution of field ionization in the second magnet reflects probability of 
being in each of the three N=2 Stark states.

• Monte Carlo !!>  an experiment in which 100 atoms exit the first magnet in 

N=2,L will yield a 1% measurement of the fine structure and a 5% 
measurement of the Lamb shift.  Assuming that only the 2S level is shifted 

by a CPT violating force, the 1" sensitivity is 50 parts per billion of the 2S 

binding energy.

D. M. Kaplan, IIT FNAL Seminar  New Experiments with Antiprotons

• From D. Christian:
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Antimatter Gravity
• Experimentally, unknown whether antimatter falls up or 

down!

- in principle a simple interferometric measurement with 
slow H̅ beam [T. Phillips, Hyp. Int. 109 (1997) 357]:

Or whether g - g— = 0 or ε

• Not nutty!

→ g— = –g gives natural 
explanations for baryon 
asymmetry & dark energy

→ g— = g + ε natural in 
quantum gravity due to 
scalar & vector terms

→ tests for 
possible 
“5th forces”
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• Requires development of deceleration techniques 
from 8 GeV to <20 keV:

- MI from 8 GeV to <~ 400 MeV (TBD), then “reverse 
linac,” then degrade?

- efficiency ~>10–4 looks feasible
⇒10–4  ḡ meas’t in ~ month’s dedicated running

- eventually, small synchrotron by HBar Tech → eff ~1

• Requires completion of antiproton deceleration/
extraction facility planned for Hbar Technologies

40
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1275 W. Roosevelt Rd., Suite 130, West Chicago IL, 60185

www.hbartech.com

Project-X Physics Workshop

Nov. 16-17, 2007

MI Deceleration

Below 1 GeV/c
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2/21/08 3

1275 W. Roosevelt Rd., Suite 130, West Chicago IL, 60185

www.hbartech.com

A New Pbar Experiment

for Fermilab

The HiPAT trap
• Designed to hold 1E12

antiprotons

• Designed to be portable

• Traditional super-

conducting solenoid

requiring liquid helium for

the superconductors and

liquid nitrogen for the heat

shield

• Good vacuum lifetime

• Comes with proton and H-

linacs for commissioning

• Still at NASA MSFC

• From G. Jackson:



3.2 Raman Interferometer 9

Time A t  

Figure 5: Phase space diagrams, in the presence and absence of gravity, for atom
interferometer based upon 1

2π − π − 1
2π pulse sequence. The first laser pulse splits

the atoms into superpositions of two momentum states which separate spatially. The
second pulse brings these split states back together, and the third pulse recombines
them with a phase shift that depends upon local g. (From reference [13].)

since they fall off with a high power of distance. Note that there will necessarily be
substantial field gradients as the antihydrogen exit the Penning trap, but these do not
affect the gravity measurement. The only field gradients that are relevant to the gravity
measurement are those between the gratings of the interferometer. We will take three
approaches to limiting the effects of stray fields on the gravity measurement: shielding
and measuring the stray fields, making the antihydrogen as tightly bound as possible,
and eliminating high Rydberg states from the beam.

3.2 Raman Interferometer

High-precision measurements of the local gravitational acceleration g have been made
by Chu et al. [13] using an atomic Raman interferometer. They have measured local
g to better than one part in 1010. The same technique can be used with hydrogen and
antihydrogen to measure ḡ.

The principle of the interferometer, illustrated in Figure 5, is to use two ground
state hyperfine levels of an atom and to drive two-photon stimulated Raman transitions
between those states by tuning the frequency difference between the lasers to match
the hyperfine splitting. The configuration of counter-propagating beams for the Raman
transition maximizes Doppler sensitivity, and the use of m = 0 magnetic sublevels
minimizes the effect of stray magnetic fields. The geometry for gravity measurements
is such that the two Raman beams are aligned along the vertical direction. The first

t

y

!y
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• “Ultimate” measurement:

- use lasers à la S. Chu

- slow down and trap the H̅ 
atoms using “coilgun” (M. Raizen)

- low-field seekers are 
repulsed by magnetic field

- estimate 10–9 g̅ measurement feasible

43

Antimatter Gravity

B
2 Tesla

1 cm

2 Tesla

1 cm



D. M. Kaplan, IIT FNAL Seminar  New Experiments with Antiprotons

Is There an Interested 
Collaboration?

44



Version 1.9
February 4, 2009

Letter of Intent:
Antimatter Gravity Experiment (AGE) at Fermilab

Alex D. Cronin
University of Arizona, Tucson, Arizona 85721, USA

Thomas J. Phillips∗

Duke University, Durham, North Carolina 27708, USA

Mark Fischler, Alan Hahn, James T. Volk, G.P. Yeh
Fermilab, Batavia, Illinois 60510, USA

Rod G. Greaves
First Point Scientific, Agoura Hills, California 91301, USA

Stephen D. Howe, Gerald P. Jackson, Raymond Lewis, Joseph M. Zlotnicki
Hbar Technologies, LLC, West Chicago, Illinois 60185, USA

Daniel M. Kaplan,∗ Thomas J. Roberts1, Jeff Terry
Illinois Institute of Technology, Chicago, Illinois 60616, USA

Glenn A. Horton-Smith, Bharat Ratra
Kansas State University, Manhattan, Kansas 66506, USA

Todd K. Pedlar
Luther College, Decorah, Iowa 52101, USA

Herold R. Gustafson
University of Michigan, Ann Arbor, Michigan 48109, USA

J. Boise Pearson
NASA Marshall Space Flight Center, Alabama, USA

Thomas E. Coan
Southern Methodist University, Dallas, Texas 75275, USA

Mark G. Raizen
University of Texas, Austin, Texas 78712, USA

∗Contact person; email: Thomas.Phillips@duke.edu.
∗Contact person; email: kaplan@iit.edu.

Abstract

Fermilab’s unique ability to accumulate large numbers of antiprotons makes
it possible to directly measure the gravitational force on antimatter for the first
time. Such a measurement will be a fundamental test of gravity in a new regime,
directly testing both the equivalence principle and the prediction of General
Relativity that matter and antimatter behave identically in the gravitational
field of the earth. We propose to decelerate antiprotons in the Main Injector and

1Also at Muons, Inc.
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Summary
• Best experiment ever on hyperons, charm, and 

charmonia may soon be feasible at Fermilab

- including world’s most sensitive charm CPV study

• Unique tests of CPT symmetry & antimatter gravity 
may be starting up soon

➡You can help! Want to join?

And, please, help spread the word!

(See http://capp.iit.edu/hep/pbar)
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Table 1: IIT HEP personnel and effort percentages by project.

Name Position HyperCP MINOS DB DC Other

Kaplan Prof. 10 45 45 (MuCool/MICE)
Rubin Prof. 50 50
White Assoc. Prof. 10 30 60
de Jong Postdoc 100
Luebke Technician 25 75 (MICE)
Kamaev Grad. Res. Asst. 100
Seilhan Grad. Res. Asst. 100
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Table 5: Summary of predicted hyperon CP asymmetries.

Asymm. Mode SM NP Ref.
AΛ Λ→ pπ <∼ 10−5 <∼ 6× 10−4 [68]
AΞΛ Ξ∓ → Λπ, Λ→ pπ <∼ 0.5× 10−4 ≤ 1.9× 10−3 [69]
AΩΛ Ω→ ΛK, Λ→ pπ ≤ 4× 10−5 ≤ 8× 10−3 [36]
∆Ξπ Ω→ Ξ0π 2× 10−5 ≤ 2× 10−4 ∗ [35]
∆ΛK Ω→ ΛK ≤ 1× 10−5 ≤ 1× 10−3 [36]

∗Once they are taken into account, large final-state interactions may increase this prediction [56].

Tandean and Valencia [35] have estimated ∆Ξπ ≈ 2 × 10−5 in the standard model but
possibly an order of magnitude larger with new-physics contributions. Tandean [36] has
estimated ∆ΛK to be ≤ 1 × 10−5 in the standard model but possibly as large as 1 × 10−3

if new physics contributes. (The large sensitivity of ∆ΛK to new physics in this analysis
arises from chromomagnetic penguin operators and final-state interactions via Ω → Ξπ →
ΛK [36].6) It is worth noting that these potentially large asymmetries arise from parity-
conserving interactions and hence are limited by constraints from εK ; they are independent
of AΛ and AΞ, which arise from the interference of parity-violating and parity-conserving
processes [56]. Table 5 summarizes predicted hyperon CP asymmetries.

Of course, the experimental sensitivities will include systematic components whose esti-
mation will require careful and detailed simulation studies, beyond the scope of this Letter
of Intent. Nevertheless, the potential power of the technique is apparent.

3.3 Study of FCNC hyperon decays

In addition to its high-rate charged-particle spectrometer, HyperCP had a muon detection
system aimed at studying rare decays of hyperons and charged kaons [45, 57, 5]. Among
recent HyperCP results is the observation of the rarest hyperon decay ever, Σ+ → pµ+µ− [5].
As shown in Figs. 5 and 6, based on the 3 observed events, the decay is consistent with being
two-body, i.e., Σ+ → pX0, X0 → µ+µ−, with X0 mass mX0 = 214.3 ± 0.5 MeV/c2. At
the current level of statistics this interpretation is of course not definitive: the probability
that the 3 signal events are consistent with the form-factor decay spectrum of Fig. 6a is
estimated at 0.8%. The measured branching ratio is [3.1 ± 2.4 (stat) ± 1.5 (syst)] × 10−8

assuming the intermediate Σ+ → pX0 two-body decay, or [8.6+6.6
−5.4 (stat)± 5.5 (syst)]× 10−8

assuming three-body Σ+ decay.
This result is particularly intriguing in view of the proposal by D. S. Gorbunov and

co-workers [58] that there should exist in certain nonminimal supersymmetric models a pair
of “sgoldstinos” (supersymmetric partners of Goldstone fermions). These can be scalar or
pseudoscalar and could be low in mass. A light scalar particle coupling to hadronic matter
and to muon pairs at the required level is ruled out by the failure to observe it in kaon decays;
however, a pseudoscalar sgoldstino with ≈ 214 MeV/c2 mass would be consistent with all
available data [59, 60, 61]. An alternative possibility has recently been advanced by He,
Tandean, and Valencia [62]: the X0 could be the light pseudoscalar Higgs boson in the next-

6Large final-state interactions of this sort should also affect ∆Ξπ but were not included in that predic-
tion [35, 56].
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